Global protein synthesis arrest occurs in Autographa californica nucleopolyhedrovirus (AcNPV)-infected Ld652Y cells at late times postinfection (p.i.). A Lymantria dispar nucleopolyhedrovirus gene, hrf-1, precludes this protein synthesis arrest. We used in vitro translation assays to characterize the translation defect. Cell-free lysates prepared from uninfected Ld652Y cells, AcNPV-infected cells harvested at early times p.i., and cells infected with vAchrf-1, a recombinant AcNPV bearing hrf-1, all supported translation. Lysates prepared from AcNPV-infected Ld652Y cells at late times p.i. did not support translation, but activity was restored by adding small RNA species from mock-, vAchrf-1-(24 or 48 h p.i.), and AcNPV-(6 h p.i.) infected cells. Small RNA species (24 and 48 h p.i.) from AcNPV-infected cells did not rescue translation. Assays of RNA species further fractionated by ion exchange chromatography demonstrated that tRNA rescued translation. Although specific defective tRNA species were not revealed by comparative two-dimensional gel analysis, analysis of 32 P-labeled tRNAs showed a reduction in de novo synthesis of small RNA isolated from AcNPV-infected cells compared with mock-and vAchrf-1-infected cells. This study suggests a mechanism of translation arrest involving defective or depleted tRNA species in AcNPV-infected Ld652Y cells.
INTRODUCTION
Autographa californica nucleopolyhedrovirus (AcNPV) is a member of the Baculoviridae, a large family of double-stranded DNA-containing viruses that infect arthropods. In nature, most baculoviruses replicate successfully in a limited number of host species, but the mechanisms governing host-range restrictions are poorly understood. AcNPV has a relatively broad host range compared with most baculoviruses in both insect larvae (Gröner, 1986) and cell culture (Hink, 1979; Hink and Hall, 1989) . Several baculovirus genes that influence the ability of AcNPV to replicate in different cell lines have been identified. Two types of apoptotic suppressors, p35 and iap (inhibitor of apoptosis), prevent the induction of programmed cell death in baculovirus-infected cells. Deletion of p35 severely limited the ability of AcNPV to replicate in Sf21 cells but not in Tn368 cells (Clem et al., 1991) . iaps isolated from Cydia pomonella granulovirus (CpGV) (Crook et al., 1993) and Orgyia pseudotsugata NPV (OpNPV) (Birnbaum et al., 1994) could functionally replace p35 in AcNPV. In addition, different viral factors are needed to support AcNPV replication in different cell lines. A late expression factor, lef-7, that is required for AcNPV replication in Sf21 cells is not required for replication in Tn368 cells (Lu and Miller, 1995; Chen and Thiem, 1997) . However, another factor, hcf-1 (host cell factor 1), is required for AcNPV replication in Tn368 cells and in BTI-TN5B1-4 (Hi5) cells Miller, 1995, 1996) . Replacement of a small region of the AcNPV p143 helicase gene with the homologous region from the Bombyx mori NPV p143 enables AcNPV to replicate in nonpermissive BmN cells Croizier et al., 1994) .
AcNPV does not productively infect the gypsy moth Lymantria dispar or the L. dispar-derived cell line Ld652Y. In AcNPV-infected Ld652Y cells, a novel virus-host effect is observed (Guzo et al., 1992; McClintock et al., 1987 McClintock et al., , 1986 . The virus enters the cells; viral DNA is replicated Miller, 1993, 1992; McClintock et al., 1986) ; and viral and host mRNAs are transcribed normally and transported to the cytoplasm (Guzo et al., 1992) . All temporal classes of viral mRNAs are produced, are the correct size, and can be translated in vitro (Guzo et al., 1992) . However, both viral and host cellular protein synthesis is shut down at late times postinfection (p.i.), and no viral progeny are produced (Guzo et al., 1992; McClintock et al., 1987 McClintock et al., , 1986 . A gene from L. dispar nuclear polyhedrosis virus (LdNPV), host range factor 1 (hrf-1), that precluded global protein synthesis shutdown and allowed a productive infection, was subsequently identified and cloned (Thiem et al., 1996) . vAchrf-1, a recombinant AcNPV bearing hrf-1, replicates in Ld652Y cells with similar kinetics as AcNPV infections of permissive cell lines (Du and Thiem, 1997a) . hrf-1 did not function as an apoptotic suppressor, as it could not functionally replace p35 in Ld652Y or Sf21 cell lines (Du and Thiem, 1997b) . In addition, in contrast to AcNPV, vAchrf-1 is infectious to L. dispar larvae by the normal oral route (Chen et al., 1998) , indicating that it is a true host-range gene. Searches of nucleotide and protein sequence databases revealed no similarity to genes, proteins, or protein motifs of known function that could provide clues about how hrf-1 might function to preclude protein synthesis arrest and promote AcNPV replication in L. dispar cell lines and larvae.
As a means for understanding the function of hrf-1, we sought to ascertain the nature of the protein synthesis defect in AcNPV-infected Ld652Y cells. In this study, we investigated protein synthesis shutdown in AcNPV-infected Ld652Y cells using cell-free translation assays. We found that the in vitro translation ability of translation-deficient lysates from AcNPVinfected cells isolated at late times p.i. could be restored by adding small RNA species from mock-or vAchrf-1-infected cells or from AcNPV-infected cells at early, but not late, times p.i. The rescuing species fractionated with tRNA. In addition, translation arrest in AcNPV-infected Ld652Y cells was correlated with inhibition of de novo synthesis of small RNA. This inhibition was reduced in AcNPV infections of permissive cells or in vAchrf-1-infected Ld652Y cells. Identification and characterization of the tRNA species that rescue protein synthesis arrest are the first step in understanding the mechanism responsible and could help reveal the role of hrf-1 in precluding global protein synthesis arrest in AcNPV-infected Ld652Y cells.
RESULTS

Protein synthesis arrest occurs in lysates from AcNPV-infected cells
A cell-free translation system was used to investigate the translation defect in AcNPV-infected Ld652Y cells. Translation lysates were prepared from mock-, AcNPV-, and vAchrf-1-infected Ld652Y cells essentially as described by Carroll and Lucas-Lenard (1993) . In vitro translation abilities of the cytoplasmic lysates were assessed by monitoring incorporation of [
35 S]methionine into newly synthesized proteins. Lysates from mockinfected Ld652Y cells and from AcNPV-infected Ld652Y cells at early times p.i. showed normal in vitro translation abilities (Fig. 1, lanes 1 and 2) , whereas lysates from AcNPV-infected Ld652Y cells at 12-28 h p.i. did not (Fig.  1, lanes 3 and 4) . The inability of lysates prepared at late times p.i. to translate protein in vitro correlated with the timing of protein synthesis arrest in infected cells (Du and Thiem, 1997b; Guzo et al., 1992) . No translation arrest was seen in lysates prepared from cells infected with vAchrf-1 (Fig. 1, lanes 5-7) , consistent with the fact that hrf-1 precludes protein synthesis shutdown in these cells. Because translation of endogenous mRNA was monitored, the difference in protein profiles between virus-and mock-infected cells presumably reflects the presence of viral mRNAs.
AcNPV-induced translation arrest can be rescued in vitro by mock-infected lysates or total RNA
The lack of translation activity in lysates prepared from AcNPV-infected Ld652Y cells at late times p.i. suggested that either an inhibitor of protein synthesis was produced during infection or infected cells were deficient in some factor vital for translation. To investigate these possibilities, lysates from mock-and AcNPV-infected Ld652Y cells prepared 48 h p.i. were combined in different ratios and assayed for translation activity (Fig. 2) . Protein synthesis was observed at all ratios of lysates tested and was not inhibited by infected cell lysates. Translation activity was observed even when reactions contained only 10% mock-and 90% AcNPV-infected lysate (Fig. 2 , lane 11). The inability of lysate from AcNPV-infected cells to abolish translation activity in mock-infected lysates indicated that no soluble translation inhibitor was present in infected cells. Furthermore, translation activity in reactions containing 10% mock-and 90% AcNPVinfected lysate indicated that low levels of a factor or factors from mock-infected cells were sufficient to overcome the translation arrest.
To identify candidate factors, lysate from mockinfected Ld652Y cells was separated by centrifugation into two crude fractions: a supernatant enriched in proteins and soluble factors, and a pellet enriched in ribosomes. When these fractions were added to in vitro translation reactions containing lysate from AcNPVinfected cells (20 h p.i.), the pellet, but not the supernatant, was able to rescue translation (Fig. 3 , lanes 4 and 5). This suggested the possible involvement of RNA, as opposed to soluble protein, in the translation arrest.
We then tested the ability of RNA to rescue protein synthesis arrest in vitro. Total RNA was isolated from mock-infected Ld652Y cells at 24 h p.i. or from AcNPVinfected cells at 6, 12, and 24 h p.i. and added to in vitro translation assays containing lysate from AcNPVinfected Ld652Y cells. Total RNA from mock-or AcNPVinfected Ld652Y cells at 6 h p.i. rescued the translation arrest in lysate from AcNPV-infected Ld652Y cells (Fig. 3 , lanes 6 and 7). However, total RNA isolated from infected cells at 12 or 24 h p.i. did not restore protein synthesis (Fig. 3 , lanes 8 and 9).
RNA fractions isolated from insect cells rescue AcNPV-induced translation arrest in vitro
In AcNPV-infected Ld652Y cells, translation of both host and viral proteins is arrested, but viral mRNA isolated from AcNPV-infected Ld652Y cells is synthesized normally (Morris and Miller, 1993; Guzo et al., 1992) and is translatable in a rabbit reticulocyte system (Guzo et al., 1992) . Because translatable mRNA is present in infected cells, the ability of total RNA to rescue translation in vitro implied a defect or deficiency in an RNA species other than mRNA. Surprisingly, the addition of commercial preparations of tRNA from calf liver and yeast, but not from Escherichia coli, to translation reactions restored protein synthesis in AcNPV-infected lysates (Fig. 4 , compare lanes 4-13 with 14-18). This suggested that one or more tRNA species might be depleted or defective in AcNPV-infected Ld652Y cells. Although the soluble fraction from uninfected cell lysates would presumably contain tRNAs, supernatant from mock-infected cells was unable to rescue translation in a previous experiment (Fig. 3) . However, the amount of tRNA in the crude fraction that was added to the translation reactions may have been insufficient to rescue translation in vitro.
We then examined the ability of different RNA fractions isolated from infected and uninfected Ld652Y cells to rescue translation in lysates prepared from AcNPV-infected Ld652Y cells. Total RNA isolated from mock-(24 h p.i.), AcNPV-(6, 24, and 48 h p.i.), and vAchrf-1-(24 and 48 h p.i.) infected Ld652Y cells was fractionated into small-and large-size classes by differential precipitation. These preparations were then tested for their ability to restore protein synthesis in AcNPV-infected cell lysates prepared at 24 and 48 h p.i. Commercial preparations of yeast tRNA were used as positive controls because they were previously shown to rescue translation ( RNA isolated from all mock-or virus-infected cells also restored protein synthesis in vitro, including the large RNA fraction from AcNPV-infected cells at late times p.i. when protein synthesis is arrested (Fig. 5, lanes 4, 6, 8, 10, 12, and 14) . The inability of the small RNA fractions isolated from AcNPV-infected cells at late times p.i. to rescue translation suggests that protein synthesis arrest is due to a defect or depletion of an RNA species that would normally fractionate in this pool.
tRNA from mock-infected Ld652Y cells rescues AcNPV-induced translation arrest
To determine which component or components of the RNA populations were responsible for translation rescue, RNA obtained by differential precipitation was fractionated further by ion exchange chromatography. Unfractionated small RNA contained several different RNA size classes (Fig. 6A, lanes 1 and 8) . However, the small RNA fraction that eluted from the column at 0.5 M NaCl contained only tRNA (Fig. 6A, lanes 4 and 11) . In contrast, fractions eluting from the column at higher salt concentrations (0.8-0.9 M) contained little or no tRNA (Fig. 6A,  lanes 7 and 14) . In RNA isolated from uninfected Ld652Y cells, 1 g from the 0.5, 0.6, or 0.7 M NaCl fractions, but not from the 0.8 or 0.9 M NaCl fractions, rescued translation in arrested lysates (data not shown). This suggested that tRNA alone was required to restore protein synthesis in lysates from AcNPV-infected cells. This was confirmed by the ability of as little as 0.01 g of RNA from the 0.5 M NaCl fraction from uninfected Ld652Y cells to rescue AcNPV-induced translation arrest (Fig. 6C, lane  2) . In contrast, addition of up to 2 g of tRNA from 48 h p.i. AcNPV-infected cells did not restore translation activity (data not shown).
The large RNA isolated by differential precipitation also contained a variety of small RNAs, including tRNA (Fig. 6B , lanes 1 and 8). Although it was not possible to isolate a fraction from the large RNA that contained tRNA alone, the majority of tRNA eluted from the column at 0.5-0.6 M NaCl (Fig. 6B, lanes 3, 4, 10, and 11) . Interestingly, 2.0 g of RNA from these fractions could rescue AcNPV-induced transla- 4) ; AcNPV-infected cells at 6 h p.i. (lanes 5 and 6) , 24 h p.i. (lanes 7 and  8) , or 48 h p.i. (lanes 9 and 10) ; and vAchrf-1-infected cells at 24 h p.i. (lanes 11 and 12) or 48 h p.i. (lanes 13 and 14) . tion arrest in vitro (Fig. 6D, lanes 3 and 5) , whereas the same quantity of RNA from the 0.7-0.9 M fractions, containing proportionately less tRNA, did not rescue protein synthesis (Fig. 6D, lanes 6-10) . This suggests that the ability of large RNA from AcNPV-infected cells to rescue translation in vitro observed previously (Fig. 5) was likely due to the presence of tRNA. These results indicated that tRNA alone is required to rescue the AcNPV-induced translation arrest in vitro and suggest that one or more species of tRNA in infected cells become damaged or depleted at late times p.i.
Small RNA synthesis is inhibited during nonpermissive AcNPV infections
Potential differences in banding patterns between tRNA isolates from uninfected or AcNPV-infected cells were difficult to detect using one-dimensional electrophoresis (Fig. 6A, compare lanes 4 and 11) . To determine whether we could visualize changes to specific tRNA families during infection, we analyzed radiolabeled tRNA from AcNPV-infected Ld652Y cells by two-dimensional electrophoresis. No apparent differences in tRNA pro- files between infected and uninfected cells were revealed by silver staining, but a striking difference in the amount of radiolabeling was observed. In Ld652Y cells harvested at 24 h p.i., tRNA from mock-infected cells was heavily labeled but almost no label was detected in AcNPV-infected cells (Fig. 7A, top row) , although similar amounts of tRNA were loaded (Fig. 7B, top row) . In vAchrf-1-infected Ld652Y cells, tRNA labeling was much more intense than that in AcNPV-infected cells, although not as intense as that in mock-infected cells. Similar observations were made for Ld652Y cells harvested at 48 h p.i., but the differences between samples are less obvious due to unequal loading (Figs. 7A and 7B, second row). Although the tRNA profiles of infected and uninfected cells were similar, this technique may not be sensitive enough to detect changes in a minor tRNA species. However, the extreme reduction in labeling of the entire tRNA population in AcNPV-infected Ld652Y cells suggested the possibility that de novo synthesis of all small RNA is inhibited during infection and that this inhibition is reduced in the presence of hrf-1. This defect in small RNA synthesis could lead to depletion of one or more minor tRNA species, resulting in protein synthesis arrest.
To determine whether inhibition of small RNA synthesis was a common feature of AcNPV infections, we examined two-dimensional gel profiles of tRNA from permissive and nonpermissive cells infected with AcNPV. BmN cells are nonpermissive for AcNPV and undergo global protein synthesis arrest during AcNPV infection . Labeled tRNAs from AcNPVinfected BmN cells were practically undetectable in contrast to intensely labeled tRNAs from mock-infected cells (Fig. 7A, third row) , although silver staining revealed that the gels were loaded with comparable amounts of tRNA (Fig. 7B, third row) . Small RNA synthesis in vAchrf-1-infected BmN cells was also attenuated (Fig. 7) , consistent with the inability of vAchrf-1 to generate a productive infection in BmN cells (data not shown). These results suggested that the protein synthesis arrest observed in AcNPV-infected Ld652Y and BmN cells might be mediated by similar defects in small RNA synthesis. In contrast, when we examined small RNA synthesis in the permissive cell lines TN368, Sf-21, and Hi5 (Fig. 7 , bottom row and data not shown), radiolabeling was less severely attenuated. Small RNA isolated from permissive cells infected with either AcNPV or vAchrf-1 showed a decrease in intensity of labeling compared with mockinfected cells (Fig. 7A, bottom row) , but the inhibition of small RNA synthesis was not as severe as that seen in AcNPV-infected Ld652Y cells. Furthermore, unlike in Ac-NPV-infected Ld652Y cells, there was a better correlation between labeling intensity of tRNAs and the amount of RNA revealed by silver staining (Fig. 7B, bottom row) . Taking the continued growth of mock-infected cells into account, this suggests that small RNA synthesis is reduced in nonpermissive cells compared with permissive cells.
DISCUSSION
We investigated protein synthesis arrest in AcNPVinfected Ld652Y cells. Cell-free translation assays were established using lysates from infected and uninfected Ld652Y cells and used to determine the cause of the translation arrest. In mixing experiments, mock-infected lysates were able to rescue translation in infected cell lysates at all ratios tested, even at 9:1 infected-to mockinfected lysate. These results suggest that the translation arrest was not due to an inhibitor produced in the arrested cells but more likely the result of a necessary factor becoming depleted or defective. Translation arrest in lysates prepared from AcNPV-infected cells late in infection was rescued by commercial tRNA and small RNA fractions isolated from uninfected Ld652Y cells, but not by small RNA fractions isolated from AcNPV-infected cells late in infection, suggesting that the factor was a tRNA or other small RNA species. The low amounts of mock lysates and small RNA fractions required for rescue further suggested that the factor is most likely a minor RNA species.
Using ion-exchange chromatography, we obtained a fraction from the small RNA pool consisting only of tRNA. The ability of this RNA fraction from uninfected cells, but not from AcNPV-infected cells at late times p.i., to rescue translation in vitro suggests the hypothesis that one or more tRNA species becomes damaged or depleted during AcNPV infection. Large RNA from both uninfected and AcNPV-infected cells also rescued translation in vitro. Electrophoretic analysis of the large RNA fraction revealed the presence of substantial amounts of small RNAs. Furthermore, after ion-exchange chromatography, only those large RNA fractions containing significant amounts of tRNA were able to rescue protein synthesis arrest. Therefore, a likely explanation of the ability of the large RNA to rescue translation was that sufficient quantities of the necessary tRNAs were present in this fraction. If a greater proportion of this tRNA fractionated with the large RNA, the continuing damage/depletion of the species as infection progressed may have reduced the amount of the critical tRNA in the small RNA fraction to levels insufficient to rescue translation, whereas a sufficient quantity still remained in the large fraction.
Previous studies have shown that protein synthesis arrest during virus infection can be mediated by a defect in a single tRNA species. In certain strains of E. coli, infection with phage T4 induces a nuclease that specifically cleaves the host cellular tRNA lys (Snyder, 1995; Amitsur et al., 1987) . However, wild-type T4 expresses a polynucleotide kinase and RNA ligase that repair the tRNA and allow translation to resume (Amitsur et al., 1987) . Interferon-induced protein synthesis arrest in mouse L cells was due to defects in several minor species of tRNA leu (Zilberstein et al., 1976) . In an attempt to visualize potential differences in tRNA profiles that could reflect damage or depletion of a particular species, we examined tRNA from infected and uninfected cells on two-dimensional polyacrylamide gels. No apparent differences were seen between tRNA profiles from mock-, AcNPV-, and vAchrf-1-infected Ld652Y cells. However, when nucleic acids were labeled by incubating the cells with [
32 P]orthophosphate, we found a noticeable reduction in newly synthesized tRNAs and other small RNAs in AcNPV-infected cells compared with mock-and vAchrf-1-infected cells. This suggested that transcription by RNA polymerase III was attenuated in these cells. Less inhibition of small RNA synthesis was observed in cell lines permissive for AcNPV infection, indicating that attenuation of RNA pol III-transcribed genes is not a universal feature of baculovirus infections. However, because inhibition of translation has been demonstrated to attenuate RNA pol III transcription (Wang et al., 1997; Gokal et al., 1986) , it remains to be determined whether this apparent inhibition of transcription contributes to translation arrest or is caused by it.
It is still unclear what triggers translation arrest in AcNPV-infected Ld652Y cells or how hrf-1 precludes the arrest. Because translation is rescued by tRNA isolated from mock-infected but not AcNPV-infected Ld652Y cells at late times p.i., translation arrest in AcNPV-infected Ld652Y cells appears to be due to loss of or damage to a tRNA species. The ability of small RNA isolated from vAchrf-1-infected cells to rescue AcNPV-induced translation arrest in vitro indicates that hrf-1 precludes this defect. However, we do not yet know whether hrf-1 repairs the tRNA defect, similar to phage T4 religation of cleaved host tRNA lys (Amitsur et al., 1987) or whether it prevents the defect from occurring. Future studies will focus on isolating and characterizing the specific tRNA involved in translation rescue to determine whether protein synthesis is mediated by a defective or depleted tRNA and to better understand the mechanism responsible.
MATERIALS AND METHODS
Cells and viruses
SF-21 (Vaughn et al., 1977) , Ld652Y (Goodwin et al., 1978) , TN368 (Hink, 1970) , Hi5 (BTI-TN5B1-4; Wickham et al., 1992), and BmN (BmN-4; Maeda, 1989) cells were cultured at 27°C in TC100 medium (Life Technologies, Grand Island, NY) supplemented with 10% FBS and 0.26% tryptose broth. Wild-type AcNPV variant L1 (Lee and Miller, 1978) and vAchrf-1 (Du and Thiem, 1997a) were propagated in SF-21 cells. In all experiments, cells were infected with virus in TC100 medium at a multiplicity of infection of 10 plaque-forming U (PFU)/cell for 1 h; mock infections were made with TC-100 medium.
Preparation of cell-free translation lysate
Mock-or virus-infected cells (1-3 ϫ 10 7 ) were harvested at different times postinfection, and translation lysates were prepared as described by Carroll and Lucas-Lenard (1993) , with minor modifications. Cells were collected by centrifugation at 500 g for 3 min; the pellets were washed once with 12 ml of ice-cold insect PBS, pH 6.2 (O'Reilly et al., 1992) , and repelleted as above. The pellet was resuspended in 1 ml of cold insect PBS, transferred to a microfuge tube, and repelleted for 10 s at 14,000 g. Cells were kept in PBS for a maximum of 10 min during washing to prevent inactivation of translation initiation factors. The cell pellet was resuspended in 1 ml of lysolecithin lysis buffer [20 mM HEPES-KOH, pH 7.4, 100 mM potassium acetate, 2.2 mM magnesium acetate, 2 mM DTT, 0.1 mg/ml lysolecithin (L-␣-lysophosphatidylcholine, palmitoyl; Sigma Chemical Co., St. Louis, MO)], held on ice for 40-50 s, and centrifuged 10 s at 14,000 g in the microfuge. The pellet was resuspended in 0.5 ml of cell mix buffer (25 mM HEPES-KOH, pH 7.4, 125 mM potassium acetate, 2.8 mM magnesium acetate, 2.5 mM DTT, 1.25 mM ATP, 0.25 mM GTP, 6.25 U/ml creatine phosphokinase, 37.5 mM creatine phosphate, 0.125 mM amino acid mixture minus methionine), and the cells were lysed by pipetting 20 times with a 1-ml Rainin micropipet followed by 10 passages through a 22-gauge needle. The lysed cells were held on ice for 5 min and centrifuged for 20 s at 14,000 g, and supernatant was collected as cell-free translation lysate and stored in aliquots at Ϫ20°C .
In vitro translation
Translation assays were performed in a final volume of 25 l containing 10 l of total cellular lysate, 10 l of cell mix buffer, 20 U of RNase inhibitor, 20 M hemin, and 0.8 Ci/l [ 35 S]methionine. For rescue assays using fractionated lysate, 10 l of either the supernatant or ribosome fraction was combined with 10 l of lysate from 20 h p.i. AcNPV-infected cells. For RNA rescue experiments, 0-10 g of RNA was added. Endogenous mRNAs were the templates for protein synthesis in all translation assays. Reactions were incubated for 2 h at 30°C, terminated by adding 20 l of 2ϫ sample buffer (125 mM Tris-HCl, pH 6.8, 2% SDS, 10% ␤-mercaptoethanol, 20% glycerol, and 0.002% bromophenol blue), and samples were analyzed by SDS-PAGE (Laemmli, 1970) . Gels were fixed for 30 min in 40% methanol-10% acetic acid, vacuum dried, and subjected to autoradiography.
Fractionation of lysate
Total lysate for translation rescue experiments was subjected to crude fractionation to separate the ribosomes from other cytoplasmic factors. Mock-infected cell lysate (0.5 ml) was centrifuged at 160,000 g for 2.5 h. The supernatant was collected as the ribosome-free fraction, and the pellet, containing the ribosomes, was resuspended in 0.5 ml of cell mix buffer.
Isolation of RNA
Total RNA was isolated according to a modification of Chomczynski and Sacchi (1987) . Mock-or virus-infected cells (5 ϫ 10 6 to 1 ϫ 10 7 ) were harvested at 24 or 48 h p.i by centrifugation for 10 min at 1500 g. The cell pellet was lysed in 500 l of solution D (4 M guanidinium thiocyanate, 0.5% N-lauroyl-sarcosine, 25 mM sodium citrate, pH 7.0, 0.1 M ␤-mercaptoethanol) and transferred to a 1.5-ml Eppendorf tube. Then 50 l of 2 M sodium acetate, pH 4.5, 500 l of H 2 O-saturated phenol, and 100 l of chloroform/isoamyl alcohol (49:1) were added sequentially, and the tubes were mixed by inversion after adding each reagent. The final suspension was shaken vigorously for 10 s, incubated on ice for 15 min, and centrifuged at 10,000 g, 4°C, for 20 min. The aqueous phase was transferred to a fresh tube, an equal volume of isopropanol was added, and the RNA was precipitated overnight at Ϫ20°C. RNA was pelleted by centrifugation for 10 min at 10,000 g, 4°C, rinsed once with 75% ethanol, and air dried for 5-10 min.
Fractionation of RNA
Small and large RNA fractions were isolated using differential salt precipitation according to a modification of Zubay (1962) . Total RNA was resuspended in 1.5 M sodium acetate, pH 4.6/1 M sodium chloride and incubated on ice for 10 min to allow selective precipitation of large (ribosomal and messenger) RNA. The tubes were centrifuged at 14,000 g for 30 min at 4°C, and the supernatant (containing small soluble RNA, tRNA, and other small RNA species) was transferred to a fresh tube. The large RNA pellet was reextracted as above, and the two supernatant fractions were combined. The extracted large RNA pellet was rinsed in 75% ethanol, air dried, and resuspended in diethylpyrocarbonate (DEPC)-treated H 2 O. The small RNA in the extraction supernatant was precipitated overnight in an equal volume of isopropanol, pelleted by centrifugation at 10,000 g for 20 min at 4°C, rinsed in 75% ethanol, air dried, and resuspended in DEPC-treated H 2 O.
Differentially precipitated RNA was further fractionated by ion exchange chromatography. Small or large RNA (200 g) was diluted to a final volume of 1.5 ml in 20 mM NaOAc, pH 4.9/0.3 M NaCl. The sample was applied to a 0.8 ϫ 4-cm polypropylene gravity column packed with a 700-to 800-l resin bed of DEAE-Sepharose FF, which was preequilibrated in same buffer. The column was developed with a step gradient of 20 mM NaOAc, pH 4.9, containing 0.4, 0.5, 0.6, 0.7, 0.8, or 0.9 M NaCl in succession, at a flow rate of 1-2 ml/min. RNA in the eluted fractions was precipitated overnight in an equal volume of isopropanol, with 10 g of glycogen as a carrier. The RNA was pelleted by centrifugation at 10,000 g for 20 min at 4°C, rinsed in 70% ethanol, air dried, and resuspended in DEPC-treated H 2 O. Aliquots from each fraction (0.5-1.0 g) were electrophoresed on a 10% polyacrylamide slab gel for 1 h at 200 V in 0.5ϫ TBE and visualized by silver staining according to the manufacturer's specifications (Bio-Rad, Hercules, CA).
Radiolabeling of small RNA was performed by incubating cells (2 ϫ 10 6 ) in phosphate-free TC100 containing 2 Ci/l [ 32 P]orthophosphate from 18-24 or 42-48 h p.i. The cells were harvested, small RNA was isolated, and the final pellet was resuspended in 20 l of DEPCtreated H 2 O and visualized using two-dimensional gel electrophoresis.
Two-dimensional gel electrophoresis
Radiolabeled small RNA was visualized using twodimensional slab gel electrophoresis according to a modification of Ikemura and Dahlberg (1973) . Samples were mixed with an equal volume (20 l) of loading dye (50% glycerol, 0.02% bromophenal blue, 0.02% xylene cyanol) and loaded onto the first dimension gel, consisting of 9.5% polyacrylamide, 0.5% bisacrylamide, 0.1% ammonium persulfate, and 0.4% 3-dimethylaminopropionitrile in 0.5ϫ TBE buffer. Gels were run at 250 V for 2 h in 0.5ϫ TBE, and gel strips containing the tRNA were sliced out and laid onto a glass plate perpendicular to the direction of the first dimension run. The remainder of the casting sandwich was assembled around the strips, and the second dimension gel, consisting of 19% acrylamide/1% bis, was poured to a level ϳ5 mm below the tRNA strips. Then 10% acrylamide was poured to surround the gel strips, and the gel was run overnight at 100 V in 0.5ϫ TBE. After electrophoresis, gels were wrapped in Saran Wrap and subjected to autoradiography and then fixed and silver stained according to the manufacturer's specifications (Bio-Rad).
